Keloid scars are often described as having an actively growing peripheral margin with a regressing centre. The aim of this study was to examine the possible heterogeneity within keloids and the involvement of different regions within and around keloid scars in the pathogenesis, using an in vitro keloid scar model. In vitro skin models were constructed from keratinocytes and fibroblasts from normal skin and different regions within and around keloid scars: periphery, centre, and (adjacent) surrounding-normal-skin regions. Additionally, fibroblasts were isolated from the superficial-central and deep-central regions of the keloid and combined with central keratinocytes. All keloid regions showed increased contraction compared to normal skin models, particularly in central regions. Myofibroblasts were present in all keloid regions but were more abundant in models containing central-deep keloid fibroblasts. Secretion of anti-fibrotic HGF and extracellular matrix collagen IV gene expression was reduced in the central deep keloid compared to normal skin. No significant differences between peripheral and central regions within keloids were observed for inflammatory cytokine CCL20, CCL27, CXCL8, IL-6 and IL-18 secretion. Parameters for surrounding-normal-skin showed similarities to both non-lesional normal skin and keloids. In conclusion, a simple but elegant method of culturing keloid-derived keratinocytes and fibroblasts in an organotypic 3D scar model was developed, for the dual purpose of studying the underlying pathology and ultimately testing new therapeutics. In this study, these tissue engineered scar models show that the central keloid region shows a more aggressive keloid scar phenotype than the periphery and that the surrounding-normal-skin also shares certain abnormalities characteristic for keloids.
Introduction
Keloid formation is an unfortunate complication of wound healing in which raised scar tissue proliferates beyond the boundaries of the original lesion [22] . This type of excessive scar tissue develops as an abnormal wound healing response to cutaneous injury [10, 22, 23] . Research on its pathogenesis has yet to uncover the etiology behind keloid formation and consequently our understanding of the mechanisms responsible for keloid development is limited. This is clearly illustrated by the inability of current treatment methods to satisfactorily manage keloids [3, 22] . As keloids develop exclusively in humans [29, 35] and research on their pathogenesis cannot be conducted solely on an intact original specimen, the need for a life-like in vitro model is evident.
Recently, we have demonstrated that keratinocytes and fibroblasts derived from human scars can be used to construct a full thickness skin model in vitro which shows resemblance to the native scar [16] . The keloid scar model shared several abnormalities with the hypertrophic scar model, but more importantly, differences were identified between these two abnormal scar types (hypertrophic scar and keloid). For the construction of these scar models, the scar tissue was used in its entirety. However, clinical observations suggest that keloids are not simply homogenous outgrowths. The distinction most often employed is that between the periphery and the centre of a keloid. The peripheral margin of the keloid is often described as being elevated, more red in color, actively proliferating and invading the surrounding normal skin; while the central region is seen as less elevated, lighter toned and clinically regressive over time [9, 13, 20, 24] . Differences have also been reported between keloid derived fibroblasts from peripheral or central regions when cultured in vitro with respect to lipid membrane composition [19] , expression of apoptosis and extracellular matrix (ECM) related gene [24] , collagen production [27] , growth characteristics [20, 28] , cell cycle distribution & regulation [8, 28, 30] and apoptosis-related protein expression [13, 20] . While the majority of published studies support the notion of an active periphery and a more quiescent centre, the opposite has also been reported with the central region thought to be the driving force behind keloid formation [28, 30] . Regardless, both concepts suggest that heterogeneity probably exists within a keloid scar, a finding that should not be ignored by those studying the mechanisms responsible for keloid formation.
As keloids are defined by their invasive growth into adjacent normal skin, it seems likely that the normal skin directly adjacent to keloids may in fact not truly be 'normal' and could, therefore, also play a role in keloid pathogenesis. Increased erythema in the normal skin directly adjacent to the keloid scars is often observed, and in a perfusion imaging study, blood flow in keloids and adjacent skin was indeed significantly higher than in nonadjacent normal skin [18] . Itching has also been reported to extend to peri-keloidal normal-appearing skin [14] . Taken together, these clinical observations suggest the skin directly adjacent to keloid scars may also be involved in keloid scar formation.
Given the aforementioned differences within keloid scars and the possible involvement of surrounding skin, we suspect that these different regions may differentially contribute to keloid scar formation. However, to our knowledge this has not yet been studied in a human, in vitro 3D scar model. In this study, we present an in vitro keloid scar model in which the different regions within and around the keloid scar can be studied and compared to unaffected normal skin to gain insight into keloid scar formation. The models serve a dual purpose of studying the underlying pathology and ultimately testing new therapeutics. To this end, the constructed in vitro models were compared to non-lesional skin with respect to the following scar parameters: contraction, epidermal and dermal thickness, expression of epidermal and dermal cell markers (Ki67, keratin 10, involucrin, vimentin, α-SMA), ECM gene expression and wound healing mediator secretion.
Materials and methods
Normal skin (Nskin) was obtained from patients undergoing body contouring surgery to remove excess skin. Keloid scars (Kscar) were obtained from patients undergoing scar removal via excision and were selected by an experienced scar expert (plastic surgeon, author FBN). All scars used were at least 1 year old and had matured (with exception of one keloid donor: 6 months old). See Table 1 for donor characteristics.
Cell culture and construction of skin models
After removal of subcutaneous fat and any other soft tissue until the typical firm and rubbery keloid consistency was reached, keloids were further subdivided into peripheral (P-Kscar), central superficial (Cs-Kscar) and central deep (Cd-Kscar) regions (Fig. 1a-c) . Dermal tissue until ± 0.5 cm depth was included for cell isolation, Cs-Kscar and Cd-Kscar samples were obtained from the upper and lower central half, respectively. If present, any extralesional normal skin directly adjacent to the keloid (sNskin) was also included. sNskin extended to approximately ± 0.5 cm beyond P-Kscar (see area between edge of keloid and dotted line in Fig. 1a,  b) . In contrast to sNskin which was always derived from keloid patients, normal skin (Nskin) was obtained from unaffected control subjects. Keratinocytes and fibroblasts were isolated and cultured essentially as described previously [32, 34] . Skin models were constructed in duplicate from keratinocytes (P2) and fibroblasts (P2-3) essentially as previously described [32] 21 (Fig. 1d) 
Wound contraction
Wound contraction is expressed as a reduction in surface area of the skin models at the end of the culture period. Surface area (mm 2 ) was determined in photographs of skin models at the time of harvesting (5 weeks culture), using NIS-Elements AR 2.10 imaging software.
Histological analysis
Paraffin tissue sections (5 µm) were stained with Haematoxylin & Eosin (HE) for histologic evaluation and determination of epidermal and dermal thickness. Epidermal thickness quantified by counting the number of keratinocyte cell layers at three random points in each skin model section (200× magnification). Dermal thickness measured using NIS-elements software to calculate length in µm at five random points per skin model section (100× magnification). Overview of the characteristics of the tissue used for this study. All the skin models were constructed using donor matched keratinocytes and fibroblasts, note that all the tissues with the same donor number originate from the same patient NA not applicable, yr(s) year(s), mo months, Nskin normal skin (n = 8), P-Kscar peripheral keloid (n = 8), Cs-Kscar central superficial keloid (n = 7), Cd-Kscar central deep keloid scar (n = 7), sNskin surrounding normal skin (n = 5), − no information available. See Table 3 
Enzyme-linked immunosorbent assay (ELISA)
Previously, we have identified a panel of wound healing mediators that are secreted predominantly by the epidermis (IL-1α, TNF-α, CCL5, VEGF), the dermis (TIMP2, HGF), or those significantly increased in the full thickness skin equivalents (CCL2, CXCL1, CXCL8, IL-6, sST2) [25] . CCL27 is found in burn wound exudates and has been implicated in the increased secretion of many of the aforementioned proteins [31] . IL-18 was also included in this panel because it has previously been implicated in keloid formation [4] and is known to be expressed in reconstructed human skin models also [11] .
Culture supernatants (1.5 ml KC-II without hydrocortisone) derived from the skin models were collected over a 24-h period at the end of the culture period (5 weeks) to measure the levels of IL-6 and CXCL8 (PeliKine Sanguin Reagents, Amsterdam, The Netherlands); CCL2, CCL5, CCL20, CCL27, CXCL1, HGF and VEGF (R&D System Inc., Minneapolis, MN, USA); and IL-18 (MBL International, Woburn, MA, USA) secreted by the SE, using enzyme-linked immunosorbent assays (ELISA).
Quantitative polymerase chain reaction (qPCR)
For RNA isolation, the epidermis was removed from the dermis using a slide-warmer (40 °C), the dermis was then flash frozen and stored in liquid nitrogen until further processing. Samples were disrupted and homogenized in a TissueLyser, then flash frozen for storage at − 80 °C. RNA isolation was performed using QiaShredder™ kits and RNeasy® Mini kits with on-column DNAse digestion and stored at − 80 °C. The Nanodrop spectrophotometer (Nanodrop technologies, Wilmington, DE, USA) was used to measure total RNA concentration. cDNA was synthesized using the RT 2 First Strand Kit, while the RT 2 SYBR Green Fluor qPCR Mastermix was used to run the real-time PCR reactions for the following genes (Table 2) : COL4A2, HAS1 and MMP3. These three genes were selected because they showed differential expression between Nskin and Kscar in previous work [16] . The geometric mean of two housekeeping genes (ACTB and HPRT1) was used to normalize expression. Unless stated otherwise, all RNA and qPCR reagents were obtained from Qiagen GmbH (Hilden, Germany).
MTT assay
A colorimetric (MTT based) assay was used to quantify cell proliferation and viability (Roche Applied Science, Penzberg, Germany) of the skin models, as described previously [34] . 
Data analysis
Experiments were performed in duplicate with n ≥ 4 different donors, except for some of the immunohistochemical staining (one of duplicate skin models was stained: keratin 10, vimentin, α-SMA) and qPCR experiments; see Tables 1 and 3 (2 −∆Ct ) was normalized with the geometric mean of two housekeeping genes (ACTB and HRPT1). Differences were considered significant if p < 0.05 (*), p < 0.01(**) or p < 0.001 (***). It should also be noted that due to our use of stringent statistical analysis for these small sample sizes, our results very likely show underestimation of true statistical significance. A correction for performing multiple comparisons was made using an ANOVA. Additionally, the use of non-parametric tests in the event of nonnormal distribution of the residuals, although statistically correct, further reduced power. For this reason, the term 'trend' was used when a clear pattern in graph data was observed without significance being reached; the exact p value was listed in the graph if 0.05 < p < 0.08. GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA) was used to construct all graphs and tables and perform statistical analysis.
Results

Increased epidermal thickness in keloid models
Recently, we have shown that native keloids have increased epidermal thickness which was not related to hyperproliferation but may be related to abnormal involucrin expression [17] . Therefore, we first characterized the epidermal compartments of the keloid models (Fig. 2) . All skin models showed a fully differentiated epidermis on a fibroblast-populated matrix. Cd-Kscar showed a significant increase in the number of epidermal keratinocyte layers compared to Nskin (Fig. 2b) , with a similar trend occurring for Cs-Kscar (p = 0.0792). It should be noted that the differences described here were minor (1-2 cell layers) and not of the same magnitude as found in vivo (± 5 cell layers). sNskin showed similar results to unaffected Nskin.
In line with our previous findings on native tissue biopsies [17] , there was no difference in the number of Ki67-positive proliferating basal cells between the different skin models (10-15% of basal cells) and normal suprabasal keratin 10 expression was observed in all the experimental groups (lower panel Fig. 3 ). We previously reported that while involucrin expression in healthy skin is confined to the stratum granulosum, in native Kscar involucrin is over expressed in all suprabasal layers [17] . In all the skin models described in this study, suprabasal involucrin was observed and was not just limited to the keloid constructs. 
Increased contraction and α-SMA expression in central keloid regions
Skin models constructed from all three different keloid scar regions showed a reduction in surface area and therefore increased contraction, compared to Nskin (Fig. 2a, c) . sNskin was not significantly more contracted than Nskin. The increased contraction in Kscar was associated with the presence of myofibroblasts (Fig. 3) . There was only little α-SMA staining in Nskin, sNskin and P-Kscar, but positive α-SMA staining was clearly present in Cs-Kscar and particularly Cd-Kscar. The difference in α-SMA expression was not the result of a disparity in the cellular contents of the dermis as there was no difference in vimentin staining between the models. As increased thickness is one of the hallmarks of abnormal scars, we also assessed dermal thickness in the skin models. However, none of the keloid models nor sNskin showed significantly increased dermal thickness compared to Nskin (Fig. 2d ).
Keloid models show reduced dermal gene expression of collagen type IV α2
Cd-Kscar showed significantly decreased dermal expression of collagen type IV α2 (COL4A2) compared to Nskin (Fig. 4) . sNskin showed intermediate levels of COL4A2 expression between Nskin and Kscar. In contrast to COL4A2, no difference in gene expression of other extracellular matrix genes, matrix metallopeptidase 3 and hyaluronan synthase 1, was observed between the skin models.
Secretion profiles of wound healing mediators
Next, we determined whether soluble wound healing mediators were differentially secreted by the keloid and normal skin models. HGF secretion was significantly decreased in Cd-Kscar compared to Nskin (Fig. 5) . No significant differences between the different keloid models, sNskin and Nskin were observed for the other inflammatory cytokines: CCL20, CCL27, CXCL8, IL-6, IL-18, CXCL1, CCL2 and CCL5 (Fig. 5) . Cytokine secretion levels were not influenced by differences in viability between the skin models, as MTT values were not significantly different between groups (data not shown).
Discussion
In this study, we have used our previously published baseline keloid model [16] to further investigate the underlying keloid pathogenesis. We tested the hypothesis that differences exist within keloids which contribute differentially to Fig. 2 Increased contraction, epidermal and dermal thickness in central keloid regions. Absolute surface area of the skin models was measured in duplicate in n = 8 normal skin (Nskin), n = 8 peripheral keloid (P-Kscar), n = 7 central superficial keloid (Cs-Kscar), n = 7 central deep keloid (Cd-Kscar), n = 5 surrounding normal skin (sNskin). a shows macroscopic views of SE at the start and end of culturing; b shows the number of viable epidermal cell layers in the SE; c shows the dermal thickness measured in µm; d shows contraction measured as a reduction in end surface area after 5 weeks of culturing. *p < 0.05, if 0.05 > p < 0.08 then the exact p value is listed in the graph Fig. 3 Increased α-SMA staining in central keloid regions. Upper panel shows representative pictures of HE, α-SMA and vimentin stainings performed on one of the duplicate skin models in n = 8 normal skin (Nskin), n = 8 peripheral keloid (P-Kscar), n = 7 central superficial keloid (Cs-Kscar), n = 7 central deep keloid (Cd-Kscar), n = 5 surrounding normal skin (sNskin). Magnification 200×, scale bar 100 µm. Lower panel shows the results of immunohistochemical stainings of epidermal markers (Ki67, keratin 10), dermal cellular markers (vimentin, α-SMA) in the skin models. Ki67 is expressed as mean ± SEM; SPB: suprabasal expression; SB: stratum basale; PAN: panepidermal (both SB and SPB); +/−: minimal expression; +: normal expression; ++: increased expression; +++: strongly increased expression; -: absent keloid formation. Full thickness keloid scar models were constructed using keratinocytes and fibroblasts isolated from different regions within and around a keloid scar. Interestingly, differences were observed in scar phenotype between the different keloid regions: of these, the central deep keloid Wound healing mediator secretion of HGF, CCL27, CXCL8, CCL20, IL-6, IL-18, CCL5, CXCL1, VEGF, and CCL2 was determined in duplicate in n = 8 normal skin (Nskin), n = 8 peripheral keloid (P-Kscar), n = 7 central superficial keloid (Cs-Kscar), n = 7 central deep keloid (Cd-Kscar), n = 5 surrounding normal skin (sNskin). Graphs show mean ± SEM, with *p < 0.05 construct most often resembled the keloid phenotype, while the surrounding normal skin directly adjacent to the keloid showed a mixed normal skin and keloid scar phenotype.
Both the previously published baseline keloid model, as well as the central deep keloid model, showed increased contraction and α-SMA expression, decreased secretion of HGF, as well as decreased dermal expression of collagen type IV [16] compared to Nskin. Minor disparities between the two studies were found with regards to dermal MMP3 and HAS1 expression as well as epidermal thickness. The baseline keloid model comprising the entire keloid showed no increase in epidermal thickness, but reduced COL4A2, HAS1 and MMP3 gene expression in the dermal compartment of the keloid model compared to the normal skin model. In this study, we did observe an increase in epidermal thickness (albeit of a smaller magnitude than the native keloid tissue), but only collagen IV showed significantly reduced gene expression in the central deep keloid model (Cd-Kscar). We did not observe reduced MMP3 or HAS1 gene expression. While the baseline keloid model showed a trend towards increased dermal thickness (p = 0.075), there was no statistically significant difference between the keloid regions and normal skin in this study. Either way, in both the baseline keloid model as well as the current keloid regions models, increased epidermal and dermal thickness are not as excessively present in our in vitro models compared to the in vivo keloids [17] . This may be due to the relatively short culture period (5 weeks) and only two skin cell types currently being present in the models. However, herein now lies the value of our in vitro scar model, as it allows for the relatively easy addition of other cell types (e.g. immune cells and endothelial cells) in the future in a controlled and scalable manner.
Most studies on keloid heterogeneity report an active, proliferating and invasive role for the keloid periphery [1, 5, 12, 19, 24, 27, 33] compared to the quiescent centre. However, our results are in line with studies finding increased activity in the keloid central region [6, 21, 28] . To our knowledge, the only full thickness skin model constructed from keloid derived keratinocytes and fibroblasts from different regions within the keloid, was grafted into a mouse to develop a new keloid animal model [26] . Using superficial or deep keloid fibroblasts with keloid keratinocytes, two different keloid models were constructed and compared to normal skin model. After implantation into athymic mice, both keloid models were shown to be different from normal skin models (abnormal collagen organization) and differences were reported between superficial and deep keloid models. The deep keloid model had a thicker dermis and increased COL1A1 expression, while the superficial keloid model only showed an increased wound area after grafting. Based on the method of cell isolation described, the deep keloid model very likely comprises cells of our central deep keloid construct (Cd-Kscar) and as such, the aforementioned findings correspond to our results. Nonetheless, a human full thickness skin model representing keloid heterogeneity is not currently available. In that regard, our in vitro keloid models described here could serve as an excellent starting point for further research.
A possible explanation for the dichotomy in findings reporting either the periphery or the central keloid region as the driving force behind continued keloid growth may be because different keloid phenotypes exist. Bella et al. [2] suggested that differences in genetic abnormalities may be responsible for heterogeneity between keloids, and distinguished between 'superficial spreading' keloids versus 'raised' keloids in an African tribe with familial keloids. In this regard, Supp et al. [26] also proposed an interesting model for the development of the 'bulging' keloid phenotype in which the deep keloid fibroblasts cause dermal thickening, while the superficial fibroblasts cause an increase in area by spreading the upper dermis (and overlying epidermis). The combination of deep dermal thickening and superficial dermal spreading then ultimately creates a 'bulging' keloid. Depending on the keloid phenotype, we propose that the actively growing region may be the periphery or the centre. This could explain why the periphery could very well be the actively expanding region in 'spreading' keloids, but not in the 'bulging' keloids where growth ensues from the deeper central regions. Retrospective analysis of the pictures of the keloid samples included in our study, in fact, showed that they were all of the 'bulging' phenotype. Three of the eight keloids used to construct the various keloid models were multinodular in appearance, consisting of several large dome-shaped nodules fused into a single large keloid. As the centre of each nodule was still more raised than the periphery, these were also considered 'bulging' keloids. Given that all our keloid donors were of the 'bulging' phenotype, this could explain why only the central deep region was statistically significantly different from normal skin.
In this study, we also included extra-lesional normal skin (sNskin) directly adjacent to but separate from P-Kscar. Even though this surrounding normal skin (sNskin) did not show any statistically significant differences with the other models for the individual parameters studied, when taking all parameters together a clear pattern was emerging. sNskin was usually intermediate between normal skin and keloid in the expression of scar parameters and often similar to the peripheral keloid model (contraction; α-SMA expression; secretion of HGF; expression of COL4A2). Abnormalities in the surrounding normal skin (sNskin) have been previously reported. Lee et al. [15] found that the into the surrounding normal skin. Using expression microarrays, Hahn et al. [7] found that increased expression of many of the genes in keloid-derived keratinocytes and fibroblasts corresponded with similarly increased expression in cells derived from adjacent non-lesional skin. However, we are unable to compare our results to the findings of others because it was often unclear what other authors considered to be surrounding normal skin (sNskin). Definitions of sNskin could also mean the normal skin in the same anatomical location but not necessarily in the direct vicinity of the keloid and alternatively, sometimes the surrounding normal skin was included with the peripheral margin generating what we would consider an sNskin/P-Kscar region.
Notably, from all the parameters studied, significant differences or trends were only obtained in a few parameters. This is indeed a limitation of the study and is most probably a result of the experimental set-up which could not be avoided. Surrounding normal skin was very rarely included with the keloid samples provided to us by the plastic surgeons, and when it was included, the keloid itself was often too small to enable adequate cell isolation from the different keloid regions. Therefore, non-donor paired samples were included in the analysis. Additionally, small sample sizes are inherent to the time-consuming nature of tissue engineering. The problem with statistical analysis of small sample sizes (n < 24) is that one either errs on the side of over-or underestimation, depending on whether a correction is applied for performing multiple comparisons. In this study, we had small sample sizes and corrected for multiple comparisons using a one-way ANOVA, power was further reduced in our study by our use of non-parametric testing when the residuals were not normally distributed. Thus, we have been relatively strict with our statistics to the point of underestimation, but consider this the better option as opposed to risking overestimation.
To conclude, we were able to generate different keloid scar models from keratinocytes and fibroblasts derived from intralesional peripheral, central superficial and central deep regions, as well as extralesional surrounding normal skin. Of these regions, only the central deep keloid regions showed statistically significant differences when compared to normal skin and thus displayed the most aberrant behavior. As all the keloid cells were derived from 'bulging' type keloids, this suggests that the central deep keloid region is likely the driving force behind the development of keloids of this 'bulging' phenotype. Our study has demonstrated the need for a clear and unambiguous description of the keloid type (e.g. 'spreading' or 'bulging') and of the exact location within keloid scars from which samples are taken. Additionally, we would encourage the inclusion of the skin adjacent to the keloids, as it is important to find out to what extent this region contributes to keloid scar formation and consequently if it should be targeted for treatment as well. This study is the first demonstration of how the in vitro baseline keloid scar model we have previously established [16] can be utilized not only as a future animal-free drug testing platform but also to further our understanding of the underlying pathogenesis.
